Context.-Differentiating individuals with early human immunodeficiency virus 1 (HIV-1) infection from those infected for longer periods is difficult but important for estimating HIV incidence and for purposes of clinical care and prevention.
MONITORING and controlling the spread of human immunodeficiency virus 1 (HIV-1) worldwide 1, 2 would greatly benefit from a simple, practical method of identifying recently infected persons. Accurate and rapid diagnosis of recent infection also has clinical implications.
Recent HIV-1 infection comprises the preseroconversion period from exposure to detection of antibodies by enzyme immunoassay (EIA) and Western blot and the early postseroconversion period. The antibody-negative period is referred to as acute or primary HIV-1 infection, diagnosed by p24 antigen 3, 4 or viral RNA via polymerase chain reaction 5, 6 and during which symptoms of the acute retroviral syndrome occur. 4, 6, 7 The period immediately after seroconversion, which we refer to as early HIV-1 infection, has been difficult to diagnose with a single blood specimen.
Serologic monitoring of the HIV-1 epidemic has been generally limited to monitoring seroprevalence, the proportion of persons with HIV-1 antibodies, comprising both those with early infection and those with chronic infection. 8 The best data for understanding recent changes in transmission are measurements of the number of new infections in a defined time period (incidence) that have been primarily provided by longitudinal cohort studies, 9 ,10 longitudinal studies of persons at risk for infection who seek repeat HIV testing, 11 and longitudinal unlinked serosurveys. 12 These studies are technically difficult and expensive, require long follow-up, and may be biased. 13 The detection of HIV-1 p24 antigen in the preseroconversion period has been proposed for identifying persons with acute infection for estimating incidence. [13] [14] [15] However, because the duration of antigenemia before antibody detection is brief (average, 14 [G.A.S., unpublished data, 1998]-22 days 14, 16 ), that approach is limited to situations in which a large number of people can be tested or in which the population incidence is high (eg, more than 5% per year). Using this approach, incidence surveys that oversample persons likely to have symptoms related to the acute retroviral syndrome will overestimate incidence in the population from which the sample is selected.
To identify a person in the period of early infection (when the antibody titer is increasing but before peak and persistently high antibody response [17] [18] [19] ), we propose a sensitive/less sensitive assay testing algorithm in which a blood specimen from a person with early infection is reactive on an EIA sensitive to antibodies but nonreactive on a less sensitive EIA. This testing strategy estimates incidence by equating incidence with prevalence of persons with early infection divided by the time between seroconversion on the 2 tests. 20 
METHODS

Assays
For the sensitive assay, we used a Food and Drug Administration (FDA)-licensed EIA (3A11, Abbott Laboratories, Abbott Park, Ill) as recommended by the package insert. 21 Specimens with reactive 3A11 test results were confirmed to have HIV-1 antibodies by Western blot. 22 For the less sensitive EIA (called 3A11-LS in this article), we modified 3 elements of the 3A11 test procedure: sample dilution, sample incubation time, and conjugate incubation time. For the less sensitive assay, sample optical density (OD) value was standardized as follows: (sample OD value − negative control OD value)/positive control OD value. To further reduce sensitivity, we varied the cutoff OD above which a specimen was considered to have a reactive result.
Specimens for Assay and Testing Strategy Development
To identify optimal conditions for the 3A11-LS assay and determine duration of time between seroconversion on 3A11 and 3A11-LS assays, we obtained 690 serial plasma or serum specimens from 3 sources from 104 persons seroconverting to HIV-1 (Table 1) . [23] [24] [25] [26] [27] All specimens from plasma donors and the San Francisco Men's Health Study (SFMHS) were tested with the 3A11 assay and Western blot. All specimens from Trinidad had been screened by Western blot, and we confirmed the Western blot-positive specimens to be reactive by 3A11 assay.
To assess whether the 3A11-LS test remains reactive throughout infection, we obtained specimens from 268 men without the acquired immunodeficiency syndrome (AIDS) infected for at least 2.5 years and seen between July and December 1986 in the SFMHS, 49 persons (48 men, 1 woman) with clinical AIDS from Boston Biomedica, Inc, and the last available specimen from all 158 men with an AIDS diagnosis in the SFMHS. The CD4 cell counts from the same day as the serologic specimens from seroconverters and from persons with AIDS were assessed using the Wilcoxon rank sum test 28 to assess whether the CD4 cell count could be used to differentiate between these 2 groups in persons with 3A11 reactive/3A11-LS nonreactive results.
Development of Optimal 3A11-LS Test Conditions
All specimens from plasma donors and the SFMHS were tested using 3 combinations of modifications of the 3A11 assay that made it less sensitive (data not shown). We chose a 1:20 000 sample dilution, 30-minute sample incubation time, and 30-minute conjugate incubation time for the conditions for the less sensitive assay because, when using them, the 3A11-LS is easy to perform on large numbers of samples, has low sensitivity, and achieves reproducibility similar to the 3A11 assay. 21 Interassay reproducibility of the 3A11-LS assay conditions was assessed by testing samples in 2 laboratories and using 3A11 kits from the same master lot number. Assay-positive and assay-negative controls were tested 10 times in 1 run. Percent coefficient of variation (%CV) for positive controls was 7.8 (mean ± SD OD, 0.332 ± 0.026) and for the negative controls was 18.2 (mean ± SD OD, 0.022 ± 0.004). Regarding intra-assay reproducibility, results were analyzed from triplicate tests of internal assay positive controls from 9 assay runs from which mean %CV was 11.6 (mean ± SD OD, 0.396 ± 0.046).
Once we chose optimal 3A11-LS test conditions, all Trinidad specimens were tested with the 3A11-LS assay. Specimens from any of the 3 sources with results unexpectedly high or low for their sequence in a subject's sample series, and, when available, specimens with OD values between 50% and 150% of the internal assay positive control were retested in triplicate for verification. For specimens tested in triplicate, we compared mean OD of the 3 samples with the cutoff to assess sample reactivity. In calculating the mean of specimens tested in triplicate, OD values greater than 50% less or 100% more than the closest OD value were excluded. Using OD cutoffs of 0.50, 0.75, or 1.00, 76% to 82% of 125 specimens tested in triplicate had the same reactive or nonreactive results as those of the original single 3A11-LS test, similar to those for comparing initial samples with repeatably reactive samples on the 3A11 assay.
21
Model Estimating Time Between Seroconversion on the 2 Assays
We estimated distribution and mean time between seroconversion on the 3A11 assay and the 3A11-LS assay using a mathematical model for specimens from all 3 sources with a variety of cutoffs. To estimate time between seroconversion on the 2 assays, we assumed a progressive increase in antibody during early infection, producing for each subject a welldefined time on each assay before which results would be nonreactive and after which results would be reactive; seroconversion time on the 3A11 assay was uniformly distributed between time of the last 3A11 nonreactive specimen and the time of the first 3A11 reactive specimen; 3A11-LS assay seroconversion occurred no earlier than 3A11 assay seroconversion; and time difference between seroconversion on the 3A11 and 3A11-LS assays was independent of seroconversion time on the 3A11 assay. We modeled time between seroconversions using a discrete distribution that assigned a probability to each day from 0 to 3000 days, estimated by maximum likelihood based on observed data on times of last nonreactive and first reactive results for 3A11 and 3A11-LS assays, using an EM algorithm approach. 29 A smoothing step was added to the algorithm 30 to speed convergence and produce smooth curves; a kernel smoother with a triangular kernel was used with bandwidth (h) of 20 days. Mean times between 3A11 and 3A11-LS seroconversion were largely invariant for the range of days for smoothing bandwidths we considered (0ՅhՅ100). Confidence intervals (CIs) for mean time between seroconversions were obtained using the bootstrap percentile method. 31 Day of 3A11 assay seroconversion was estimated from the model conditional on observed times of last nonreactive and first reactive results for 3A11 and 3A11-LS assays and using estimated distribution of times between seroconversions. To assess ability of the testing strategy to accurately classify specimens obtained within 129 days of estimated day of 3A11 seroconversion and to correct for multiple specimens provided by subjects, we calculated the average proportion of each person's specimens with 3A11 reactive/ 3A11-LS nonreactive results obtained in that period.
Sensitive/Less Sensitive Testing Strategy for Estimating HIV-1 Incidence
We estimated incidence with the sensitive/less sensitive testing strategy with the following formula: I dt = (n dt /N) (365/T) (100), where I dt is incidence (percent per year); n dt is number of persons who were 3A11 reactive/3A11-LS nonreactive; N is number of persons who were HIV-1 negative plus number who were 3A11 reactive/3A11-LS nonreactive; and T is estimated mean number of days between seroconversion on 3A11 and 3A11-LS tests (Appendix 1).
To determine whether the sensitive/ less sensitive testing strategy gives accurate incidence estimates, we compared our estimates with observed incidence in 2 groups with different incidences. Observed incidence was calculated as number of persons seroconverting between sequential follow-up visits divided by person-years of follow-up. In the first validation, we examined twelve 6-month follow-up periods of the SFMHS. To provide independent verification for this comparison, we used an estimate of mean time between seroconversion on the 3A11 and 3A11-LS assays using data only from plasma donor and Trinidad specimens. In the second validation, in a population with low incidence, we tested the HIV antibody-positive blood donations from persons donating more than once from January 1993 through December 1995 in 3 American Red Cross collection regions (Appendix 2) that participate in the Retrovirus Epidemiology Donor Study (REDS). 32 Donations that tested HIV-1 positive with only 2 bands on Western blot were tested by RNA polymerase chain reaction as recommended to rule out false-positive results in donors.
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Applications of the Sensitive/Less Sensitive Testing Strategy
To better understand current HIV-1 transmission on a national level, we estimated incidence and examined trends in proportion with early infection in firsttime donors at 32 American Red Cross collection regions (about 70% of annual Red Cross donations) from May 1993 through December 1996 using 2 test for linear trend. 28 To examine utility of the sensitive/ less sensitive testing strategy in clinical research, we retrospectively tested specimens of potential enrollees in the Options Project, a research study of treatment, epidemiology, and pathogenesis of primary HIV infection in San Francisco. Criteria for study enrollment were having negative or indeterminate Western blot and positive HIV-1 RNA test results, or having a documented negative antibody result less than 6 months before a positive antibody result at enrollment.
RESULTS
Results from 3A11 and 3A11-LS testing of serial specimens from 4 illustrative individuals are shown in Figure 1 . Signal/cutoff OD values on the standard 3A11 assay increase rapidly over several weeks while standardized OD val- ues on the 3A11-LS assay increase more gradually. Figure 2 shows standardized OD values from the 3A11-LS assay for 372 specimens from 104 persons seroconverting to HIV-1 and shows the increase in 3A11-LS reactivity with increasing time after the estimated day of 3A11 seroconversion. Figure 3 , left, shows the estimated distribution of and Table 2 the mean time between seroconversion on the 3A11 and 3A11-LS assays from our model. Increasing the cutoff on the 3A11-LS assay increases mean time between seroconversion on the assays. We selected an OD cutoff value of 0.75 for the 3A11-LS assay for our analyses because patterns of times between specimen collection and length of follow-up for each of the 3 data sources resulted in this cutoff's producing the most reliable estimate of distribution of times between seroconversion on the 2 tests. Mean time between seroconversion on the assays was 112 days for plasma donor samples and 127 days for samples from Trinidad. Because intertest intervals were so long for the SFMHS, the (unsmoothed) maximum likelihood estimate (MLE) of distribution of times between seroconversions using only SFMHS data has a large region where the MLE form is not fully specified, although total mass amount assigned to the region is specified. 35 By assuming extreme possibilities (all mass at beginning or end of the undefined region), range of mean time between seroconversions was 71 to 143 days. For all data sources combined, this cutoff yields a 129-day (95% CI, 109-149 days) interval between seroconversion on the 2 assays. Figure 3 , right, shows the average percentage of each person's specimens that were 3A11 reactive/3A11-LS nonreactive by days since estimated day of seroconversion on the 3A11 assay. Similarity in shape of Figure 3 , left and right, suggests our mathematical model appropriately describes time between 3A11 and 3A11-LS seroconversions.
In our study population, 77 (98.7%) of 78 persons providing a specimen within 129 days of estimated day of 3A11 seroconversion had at least one 3A11-LS nonreactive specimen. Average proportion of each subject's specimens that were 3A11-LS nonreactive was 95.4%. Of the 303 specimens provided within 129 days of estimated day of 3A11 seroconversion, 296 (97.7%) were 3A11-LS nonreactive. Conversely, of 60 persons with specimens more than 129 days after estimated day of 3A11 seroconversion, only 3 (5%) had at least one 3A11-LS nonreactive specimen. Of the 60, average proportion of each subject's specimens that were 3A11-LS nonreactive was 1%. Of 154 total specimens provided at least 129 days after estimated 3A11 seroconversion date, 3 (1.9%) were 3A11-LS nonreactive. The 3A11-LS test became reactive for all 57 seroconverting persons followed up for at least 149 days after estimated seroconversion date. In addition, only 1 (0.4%) of 268 specimens obtained In most cases, multiple specimens provided by a subject during a period had the same test results; however, in the 30-to 59-day period, 1 person provided 3 3A11-LS nonreactive specimens followed by a 3A11-LS reactive specimen, and in the greater than 150-day period, 3 persons each provided a specimen with 3A11-LS nonreactive results followed by multiple blood specimens with 3A11-LS reactive results. ¶Cutoffs greater than 1.00 for the 3A11-LS assay produce greater uncertainty in the estimate of the time between seroconversion on the 2 tests than do lower cutoffs and may not provide incidence estimates as accurately as with lower cutoffs.
from men without AIDS in the SFMHS was 3A11-LS nonreactive (Table 2) .
Of 207 specimens from persons with AIDS, 5 were 3A11 reactive/3A11-LS nonreactive (Table 2) . Of these, 4 were from men from the SFMHS for whom earlier specimens were available. Blood specimens from 6 months before their 3A11 reactive/3A11-LS nonreactive tests were reactive on both assays. The CD4 cell counts were significantly higher in seroconverters who were 3A11 reactive/3A11-LS nonreactive (mean ± SD CD4 cell count, 0.554 ± 0.341 ϫ 10 
Validation of the Sensitive/Less Sensitive Testing Strategy for Estimating HIV-1 Incidence
Comparisons of incidence estimates using the sensitive/less sensitive testing strategy with observed SFMHS cohort estimates are shown in Table 3 . Despite the small number of persons at seroconversion risk in each follow-up period, point estimates for most 6-month followup periods and for average incidence per follow-up period were similar.
In our validation in repeat blood donors, of 1 275 449 eligible donations, 16 donations tested HIV-1 positive. Of the 16, 10 were 3A11 reactive/3A11 nonreactive, giving an HIV-1 incidence estimate of 2.95 (95% CI, 1.14-6.53) per 100 000 per year, similar to incidence estimated from longitudinal observation in the same donors (2.60 [95% CI, 1.49-4.21] per 100 000 person-years]) (G. Schreiber, REDS, written communication, September 5, 1997).
Applications of the Sensitive/Less Sensitive Testing Strategy
Of 2 717 910 first-time blood donations at 32 American Red Cross collection regions, 547 were positive and 69 were 3A11 reactive/3A11-LS nonreactive (Table 4) . Incidence of HIV-1 in first-time blood donors was stable from mid-1993 through the end of 1996 (Table 4 ; P = .17).
From June 1996 through June 1997, in the Options Project, we enrolled 5 persons with reactive EIAs, negative or indeterminate Western blot results, and positive for HIV-1 RNA; all 5 were 3A11-LS nonreactive. Also, we enrolled 17 persons who met a second study criterion of a documented negative HIV-1 antibody test result less than 6 months before a positive HIV-1 antibody test result at enrollment; all had 3A11-LS results consistent with early HIV-1 infection. Thus, the sensitive/less sensitive testing strategy alone would have identified all 17 persons meeting this criterion. Also, 7 persons seeking enrollment could document a negative result only in the previous 6 to 18 months but had evidence of early infection based on HIV-1-positive and 3A11-LS nonreactive results.
COMMENT
We developed a serologic testing algorithm that accurately diagnoses persons as having early HIV-1 infection many months after seroconversion is detectable by standard antibody assays. The ability to differentiate persons with early infection from those with later infection is a breakthrough for estimating HIV-1 incidence, for clinical care and research studies focused on early HIV-1 infection, and for guiding HIV prevention programs.
Based on our validation studies, the sensitive/less sensitive testing strategy can be expected to provide accurate national and local HIV-1 incidence estimates. Backcalculation has provided plausible descriptions of past HIV-1 incidence but estimates of recent HIV-1 incidence using it have great uncertainty. [36] [37] [38] Also, change in the AIDS case definition in 1993 39 has further limited the use of backcalculation. The sensitive/less sensitive testing strategy, however, used in conjunction with HIV case surveillance, can provide minimum estimates of incidence in states with HIV surveillance, 2 and national estimates may be modeled from such data. At the local level, our sensitive/less sen- *HIV indicates human immunodeficiency virus; CI, confidence interval; and LS, less sensitive. †Calculations using the sensitive/less sensitive testing strategy used a mean time between seroconversion on the 3A11 and 3A11-LS assays of 119 days (95% CI, 104-131 days) based on data only from plasma donor and Trinidad specimens.
‡Early infection is defined as 3A11 reactive/3A11-LS nonreactive specimens with an optical density cutoff of 0.75 for the 3A11-LS test. §Unweighted average of 6-month results. sitive testing strategy can be used to provide timely estimates of incidence in crosssectional studies in a variety of settings. 8 To better understand HIV-1 transmission on a national level, we examined incidence trends in first-time blood donors at nearly three quarters of American Red Cross collection regions. Although AIDS cases in persons infected through heterosexual contact increased during the study period, 2 many were related to sexual transmission from injecting drug users. Incidence in blood donors is more likely to reflect persons at risk through heterosexual transmission from persons not at recognized risk. Our data suggest that there is no widespread increase in such heterosexual HIV-1 transmission in the United States.
Diagnosis of earliest stages of HIV-1 infection is important for clinical intervention and research. 4, [40] [41] [42] [43] [44] Patients with acute infection present with relatively nonspecific signs and symptoms that are often undiagnosed or misdiagnosed. 6, 7, [45] [46] An accurate diagnosis permits initiation of effective antiretroviral treatment to augment immunologic mechanisms that contain viral replication following primary viral dissemination. 4, [47] [48] While plasma viral load decreases following seroconversion, in early infection, viral replication in lymphoid tissue remains as high as during acute infection, which provides a pathophysiologic basis for treating those with early infection as aggressively as those with acute infection. 49 The sensitive/less sensitive testing strategy would greatly assist in identifying persons for whom there is pathophysiologic and clinical 50, 51 evidence to support initiation of antiretroviral therapy. Also, in combination with viral load levels, knowledge of the timing of seroconversion can provide valuable information regarding a patient's prognosis. 52 Over a 1-year period in the Options Project, using the sensitive/less sensitive testing strategy, we could have increased enrollment by identifying seropositive persons who could not document an HIV-1-negative result in the preceding 6 months as having early infection. It is now included in criteria for study enrollment.
Those with early infection have recently engaged in high-risk behavior with a person with HIV-1 infection and may transmit the virus more efficiently than at other times during infection. 53, 54 Partner notification strategies using the sensitive/ less sensitive testing strategy can be used to map the sexual or injecting drug use networks of a person with early HIV-1 infection 55 to identify groups in whom HIV-1 is being transmitted. Prevention activities can then be provided in the hope of interrupting ongoing viral transmission.
A limitation of the sensitive/less sensitive testing strategy is that a few persons with long-standing infection (0.4%) and late-stage AIDS (2%) could be misdiagnosed as having early infection. If one chose to use a higher OD cutoff than 0.75 for the 3A11-LS assay to identify additional seroconverting persons, the proportion misdiagnosed would be higher (Table 2 , Appendix 3). However, CD4 cell counts in seroconverting persons in this study were similar to those in prior reports 4, 6 and higher than in AIDS patients with 3A11 reactive/3A11-LS nonreactive results. Thus, access to CD4 cell counts or clinical information on subjects will be needed when the sensitive/ less sensitive testing strategy is used in care settings (Appendix 4). The strategy is most useful when first testing for HIV.
The sensitive/less sensitive testing strategy is inexpensive and reproducible and accurately identifies persons with early HIV-1 infection. It is useful at the population level for estimating HIV-1 incidence, at the clinical level for patient care and for identifying subjects with early infection for therapeutic trials and pathogenesis studies, and at the public health level for focusing and evaluating HIV prevention efforts.
APPENDIX 1
Using a Bonferroni procedure, CIs for incidence estimates using the sensitive/ less sensitive testing strategy will reflect sampling variability of n dt and uncertainty in mean time between seroconversions (T). To calculate 95% CIs (l 95 , u 95 ) for incidence estimates, we obtained a 97.5% CI for n dt using a Poisson assumption. The 
APPENDIX 2
The formula for calculating HIV-1 incidence using the sensitive/less sensitive testing strategy must be modified to account for multiple donations from the same subject. Incidence can be calculated using (n dt /N d )(365/␥)(100), where n dt is number of 3A11 reactive/3A11-LS nonreactive specimens detected in eligible donations, N d is number of eligible donations given (excluding the initial, seronegative donation establishing eligibility for the sample), and
, where E denotes expected value with respect to interdonationintervals⌬TandS(x)isproportion of 3A11 reactive/3A11-LS nonreactive results x days after 3A11 seroconversion as shown in Figure 3 , left. This equation has the same form as that in the text, but with T replaced by ␥. To derive this result, observed incidence is obtained by dividing number of seroconverting persons donating repeatedly by persontime of observation. To use the sensitive/ less sensitive testing strategy, we replaced number of seroconverting persons by number of persons who were 3A11 reactive/3A11-LS nonreactive, divided by probability that seroconverting persons would be observed as being 3A11-LS nonreactive at time of first 3A11 reactive donation. Following Satten, 56 this probability is given by E[͐ ⌬T 0 S(x)dx]/⌬T where ⌬T denotes average interdonation interval. Because person-time of observation can be written as N d ⌬T, we obtain the desired equation. To estimate ␥, we used the empirical distribution of interdonation intervals from REDS to compute the required expected value. Due to the large number of interdonation intervals contributing to this empirical distribution, bootstrap CIs for ␥ assumed that the only source of variability was S(x).
APPENDIX 3
Selection of a cutoff for the 3A11-LS assay for studies of incidence represents a balance of sample size with uncertainty of incidence estimate and proportion of persons with AIDS possibly misclassified as having early infection. Smaller sample sizes can be achieved by raising the 3A11-LS assay cutoff, but at the cost of increasing incidence estimate uncertainty and increasing proportion of persons with possible AIDS misclassification (Table 2 ). When using the sensitive/less sensitive testing strategy for clinical purposes and prevention activities, an OD cutoff as high as 2.00 for the 3A11-LS assay may be acceptable since follow-up samples can be obtained to confirm early infection using CD4 cell count or by showing a progressive increase in reactivity on the 3A11-LS assay.
APPENDIX 4
To determine upper limit of acceptable prevalence of persons with AIDS in a sample, one can choose arbitrarily an acceptable percentage of the 3A11 reactive/ 3A11-LS nonreactive specimens coming from persons with AIDS. When using a cutoff of 0.75 for the 3A11-LS assay, to ensure that fewer than k percentage of specimens testing 3A11 reactive/3A11-LS nonreactive are due to late-stage AIDS patients, p AIDS Ͻk/(100 − k)(T/365) (i/0.024), where p AIDS is the prevalence of AIDS cases in the sampled population (as a percentage); k is the acceptable percentage of 3A11 reactive/3A11-LS nonreactive samples attributable to AIDS patients; T is mean time between seroconversion on the 3A11 and 3A11-LS assays; and i is HIV-1 incidence in percentage per year. For example, if k = 10, T = 129 days, and i = 1%, then for fewer than 10% of 3A11 reactive/3A11-LS nonreactive samples to come from AIDS patients, p AIDS must be less than 1.6%.
